Abstract-An all-optical microwave generation using a multiwavelength photonic crystal fiber Brillouin laser is presented. A highly nonlinear photonic crystal fiber with the length of 25 m is used as Brillouin gain medium. A Fabry-Perot cavity with two fiber Bragg gratings as reflectors are designed in order to enhance the Brillouin conversion efficiency. The fiber Bragg gratings can be used to selectively excite the jth-order Stokes' wave and suppress other order Stokes' waves. The mechanism for microwave/millimeterwave generation is theoretically analyzed. In the experiment, both 9.788 GHz and 19.579 GHz microwave signals are achieved through mixing the pump wave with the first-order and the second-order Stokes' waves.
INTRODUCTION
Microwave/millimeter-wave plays a more and more important role in wireless and satellite communications [1, 2] . Other applications like its materials permeability [3] , imaging for iatrology [4] and industrial composites processing [5, 6] are also developing. So a good source is very necessary. Recently the way to generate microwave/millimeterwave signals using photonics has attract lots of interest because of its high speed, low cost and high reliability [7] . Solutions for using large linewidth lasers to generate millimeter-wave with desired spectral purity was mentioned in [8, 9] . Heterodyning the outputs from two coherent oscillating continuous-wave lasers is one of the most advantageous techniques [10] , it has high efficiency and the frequency range that can be generated is only limited by the bandwidth of the photodetector. A high repetition rate picosecond pulse train is implemented in [11] . Several different hererodyning techniques for microwave/millimeter-wave generation have been reported using single-frequency laser with Mach-Zehnder-based multiplying or multiwavelength laser [12] [13] [14] . An architecture for millimeter-wave using a fiber-grating-based dual-wavelength orthogonal polarization DFB laser was demonstrated in [15] . Four-wave mixing in a dispersion-shifted was used for yielding comb-like spectra in [16] , and a rational harmonic fiber ring laser was successfully constructed in [17] . Other system, such as using a dual-wavelength single-longitudinal-mode fiber ring laser with phase-shifted fiber bragg gatings, was also employed to generate microwave [18] .
There's also an increasing interest in generating microwave/millimeter-wave based on stimulated Brillouin scattering.
In [19] , millimeter wave was generated based on stimulated Brillouin scattering in an optical fiber and the creation of harmonics by double sideband suppressed carrier modulation. Several ways used a Brillouin fiber laser for microwave generation [20, 21] . A two frequency fiber Bragg gratingbased Brillouin laser fiber with single mode fiber as the Brillouin gain medium was utilized in [22] , and 11 GHz microwave signal was attained and used in radio over fiber links [23] .
Recently photonic crystal fiber technique has been developed rapidly [24, 25] . Photonic crystal fiber confines small core area with single-mode behaviour over a wide wavelength range, and its high nonlinear characteristic makes it useful as stimulated Brillouin scattering gain medium. A Brillouin laser with photonic crystal fiber has also been presented [26] . In [26] a laser with holey fiber of 100 m reached threshold for a pump power of 63 mW, and it tends to produce high-order Stokes waves.
In this paper, we present a multi-wavelength fiber Bragg gratingbased Brillouin laser for microwave generation by mixing the pump wave with the high-order Stokes' wave. Photonic crystal fiber is used here for its better nonlinearity. Theoretically, Fabry-Perot cavity using fiber grating pair may have arbitrary cavity length. Therefore, stable stimulated Brillouin scattering output could be realized using fiber Bragg grating-based Fabry-Perot cavity. The Brillouin frequency shift here in photonic crystal fiber is about 9.8 GHz, and the Brillouin laser performs a good stability. Experimental demonstration shows that both 9.788 GHz and 19.579 GHz microwave signals are attained.
THEORETICAL ANALYSIS
Stimulated Brillouin scattering is a well-known nonlinear effect in optical fiber [27] [28] [29] . It results from the interaction among a pump wave, an acoustic wave and a Stokes' wave. The frequency of Stokes' wave is downshifted from the pump wave by the Brillouin frequency f B . The frequency difference (about j × 9.8 GHz in a 1550 nm input pump wave in the photonic crystal fiber) between the jth-order Stokes' wave and the pump wave falls in the microwave/millimeter-wave range.
The system consists of a fiber Fabry-Perot cavity closed by two fiber Bragg gratings (FBG1 and FBG2), as shown in Fig. 1 . When the input optical pump power launched into the fiber Fabry-Perot cavity exceeds the Brillouin threshold, stimulated Brillouin scattering occurs. Based on the mechanism of stimulated Brillouin scattering, the pump wave (optical frequency f p ) injected into the photonic crystal fiber generates an acoustic grating moving in the direction of pump wave, which gives rise to backscattering of the optical pump (so-called the first-order Stokes' wave at f s ). The first-order Stokes' wave is frequency-downshifted from pump by f B . Here in the fiber FabryPerot cavity, when the pump is strong enough, the first-order Stokes' wave may reach the threshold and generates the second-order Stokes' wave. The second-order Stokes' wave also may excite the third-order Stokes' wave, and so on. Theoretically we can get the N th-order Stokes' wave. If only considering the first-oder and the second-order Stokes' waves, and neglecting the phase of each wave in the coupled-amplitude equations, we obtain the following coupled-power equations [22, 30] :
where P p (z), P s1 (z) and P s2 (z) are the power of the pump, and the first-order and the second-order Stokes' waves, respectively. The superscripts ± represent the direction of propagation in Fig. 1 . g B , α and A eff are the Brillouin gain coefficient, the attenuation coefficient and the effective core area of the photonic crystal fiber, respectively. The boundary conditions for the equations of (1)- (3) at the input (z = 0) and output (z = L) fiber Bragg gratings are given by:
where P in is the input power. R p0 , R s10 and R s20 are the reflectivities of FBG1, while R pL , R s1L and R s2L are the reflectivities of FBG2 at the wavelengths of pump wave, the first-order and the second-order Stokes' waves, respectively. The reflected and transmitted powers of the pump and the Stokes's waves are given as follows:
In order to only generate the first-order and the second-order Stokes' wave, and suppress the higher-order Stokes' waves, the suitable fiber Bragg gratings as mirrors of Fabry-Perot cavity should be chosen to reach good performance. At least, the FBG1 should be chosen precisely. Fig. 2 shows the reflected output powers of pump, the firstorder and the second-order Stokes' wave as functions of the reflectivity of FBG1. The parameters of the photonic crystal fiber are as follows: Brillouin gain coefficient g B is 5.0 × 10 −11 m/W, the effective core area of photonic crystal fiber A eff is 5.0 µm 2 , the optical attenuation coefficient α is 6 dB/km. The length of the Fabry-Perot cavity is 25 m. The reflectivities of FBGs are chosen as R p0 = R s20 = R, R s10 = 0.75; R pL = 0.95, R s1L = 0.95, R s2L = 0.95, respectively. Here, as we intend to investigate the second-order Stokes' wave, the reflectivities of FBG1 at the pump wave and the second-order Stokes' wave are supposed the same. R s10 is chosen for higher reflection of the first-order Stokes' wave, and the input power in the simulation is 0.3 W. The theoretical result shows that to generate the microwave signal with the laser, it is better to choose the reflectivities of FBG1 of R p0 = R s20 ≈ 0.3, which leads to the equal emission power of the pump wave and the second-order Stokes' wave, as shown in Fig. 2 . 
EXPERIMENT AND RESULTS
Experiment setup for generating 9.788 GHz and 19.579 GHz microwave signals based on photonic crystal fiber Brillouin laser is shown in Fig. 4 . The pump source is a tunable laser followed by an erbium-doped fiber amplifier (EDFA). The linewidth of the tunable laser is about 100 kHz. The circulator is used to launch the pump into the photonic crystal fiber and extract the Stokes' wave. An approximately 25 m length photonic crystal fiber is used as Brillouin gain medium. The photonic crystal fiber is produced by Denmark Crystal Fiber A/S, which has parameters as follows: small mode field diameter at 1550 nm is about 2.5 µm, nonlinear coefficient at 1550 nm is about 11 (WKm) −1 , cladding diameter is about 125 µm, the optical attenuation coefficient is less than 9 dB/km at 1510 ∼ 1620 nm. The geometry of the fiber is shown in the inset of Fig. 4 . The Brillouin shift frequency f B of the photonic crystal fiber is about 9.8 GHz. The reflection spectra of two FBGs used in the experiment are shown in Fig. 5 . The reflectivities of FBGs used here are R p0 = 0.43, R s10 = 0.75, R s20 = 0.32, R pL = 0.95, R s1L = 0.95, R s2L = 0.95, respectively. By stretching the FBGs, their center wavelengths can be tuned to the wavelength of the Stokes' wave. A polarization controller (PC1) before FBG1 is used to control the polarization of the input pump wave. Another polarization controller (PC2) in the fiber Fabry-Perot cavity is used to adjust the polarization of Stokes' waves to get maximum amplification and good stability of the laser. The laser output spectrum is analyzed with an optical spectrum analyzer (OSA). The output of the laser is then launched into a 60 GHz bandwidth photodetector (PD) after attenuation. The photodetector here is used to mix the reflected first-order or the second-order Stokes' waves with the pump wave, and then we can find microwave signals on the electronic spectrum analyzer (ESA), which has a upper limit of 26.5 GHz.
In the experiment, the wavelength of pump wave is set to 1547.06 nm, and the Stokes' waves at wavelength of 1547.142 nm and 1547.225 nm are found. When the input pump wave is amplified to about 50 mW, the stimulated Brillouin scattering occurs in the fiber Fabry-Perot cavity. The threshold is much lower than that needed in standard single mode fiber with the same system, which is almost 100 mW. It is shown that the stimulated Brilliouin scattering is much easier to occur in photonic crystal fiber than in standard single mode fiber. When the input pump wave increases to about 120 mW, the first-order Stokes' wave reaches the threshold, and the second-order Stokes' wave appears. Fig. 6 shows the output optical spectrum of the Brillouin laser at an input power of 180 mW. The laser output is detected by the photodetector. Two microwave signals of 9.788 GHz and 19.579 GHz are then attained as shown in Fig. 7 . The signal shown in Fig. 7(a) is generated by mixing the first-order Stokes' wave and the pump wave, the signal shown in Fig. 7(b) is generated by mixing the second-order Stokes' wave and the pump wave. The bandwidth (fullwidth at half-maximum, or FWHM) of the two signals are 13.5 MHz and 8.5 MHz, respectively. We also make a test to use a segment of standard single mode fiber (SMF28) as Brillouin gain medium. Fig. 8 shows the output optical spectrum of the Brillouin laser with the single mode fiber at the input power of 180 mW. Two microwave signals of 10.879 GHz and 21.763 GHz of this laser are shown in Fig. 9 . The FWHM of the signals are 7.5 MHz and 9 MHz, respectively.
From Fig. 6 and Fig. 8 , it can be seen that as the attenuation coefficient of the photonic crystal fiber (about 9 dB/km at 1510 ∼ 1620 nm) is much higher than that of the single mode fiber (0.2 dB/km), the output power of Fig. 6 is a little lower. However, compared with the output power of the second-order Stokes' wave, the first-order Stokes' wave shown in Fig. 6 is much lower than that in Fig. 8 . The reason is that the photonic crystal fiber has higher nonlinearity, which causes more power of the first-order Stokes' wave transferred into the second-order Stokes' wave, and makes the firstorder signal weak. It is proved that the simulated Brillouin scattering is much easier to occur in the photonic crystal fiber than in the single mode fiber. The higher-order Stokes' wave can be attained with lower input pump power based on the photonic crystal fiber, which also means that the Brillouin laser based on the photonic crystal fiber has higher conversion efficiency. Since the temperature of the fiber will affect the Brillouin shift frequency and the frequency stability of the laser, we keep the temperature at room temperature during the experiment. It is necessary to note that the laser system here is treated with the assumption that the pump light always kept at resonance. In fact, when the pump wavelength is not resonant with the cavity, the pump power fades, so do the Stokes' waves. In our experiment, as the Fabry-Perot cavity length is a little longer, the freedom spectrum range is larger than the bandwidth of Brillouin gain (about 30 MHz), so that the laser works in multi-longitudinal mode, and generates more noise, which makes the phase noise of the microwave signals. Axial fluctuations in the holey fiber cross-sectional profile and the loss of fiber Bragg gratings, fiber splice loss and high transmission loss of the photonic crystal fiber also reduce the laser output power and the microwave signals power. A high-spectral-purity microwave can be obtained by using a narrower pump laser, or using ultra-narrow phase-shifted fiber Bragg grating instead of FBG1 [4] .
The experiment results show that using the photonic crystal fiber as the Brillouin medium of the laser can lower the Brillouin threshold, and generate the high-order Stokes' wave easier than using the standard single mode fiber. With the rapid development of photonic crystal fiber technique, if the optical attenuation coefficient and splice loss of photonic crystal fiber can be reduced greatly, the performance of the photonic crystal fiber Brillouin laser will be improved a lot. By selecting more suitable fiber Bragg gratings, we can generate much higher and purer microwave and millimeter wave. 
CONCLUSION
In summary, a technique for microwave/millimeter-wave signal generation using a multi-wavelength Fabry-Perot cavity laser based on photonic crystal fiber is investigated. By selecting suitable fiber Bragg gratings to form the fiber Fabry-Perot cavity, we can selectively excite the higher-order Stokes' waves. A microwave up to a millimeter-wave signal can be achieved by mixing the pump wave with the higher-order Stokes' wave. The first-order Stokes' wave and the second-order Stokes' wave are excited in the experiment and two microwave signals at 9.788 GHz and 19.579 GHz are attained based on the photonic crystal fiber. The Brillouin threshold in the photonic crystal fiber with higher nonlinearity is lower than that in the standard single mode fiber. It is easier to excite the high-order Stokes' waves, and therefore to generate microwave/millimeter-wave.
